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A simple method for whole-cell hybridization using fliiorescently labeled rRNA-targeted peptide nucleic acid 
(PNA) probes was developed for use in marine cyanobacterial picoplankton. In contrast to established 
protocols, this method is capable of detecting rRNA in Prochlorococcus, the most abundant unicellular marine 
cyanobacterium. Because the method avoids the use of alcohol fixation, the chlorophyll content of Prochloro- 
coccus cells is preserved, facilitating the identification of these cells in natural samples. PNA probe-conferred 
fluorescence was measured flow cytometrically and was always significantly higher than that of the negative 
control probe, with positive/negative ratio varying between 4 and 10, depending on strain and culture growth 
conditions. Prochlorococcus cells from open ocean samples were detectable with this method. RNase treatment 
reduced probe-conferred fluorescence to background levels, demonstrating that this signal was in fact related 
to the presence of rRNA. In another marine cyanobacterium, Synechococcus, in which both PNA andioligonu- 
deotide probes can be used in whole-cell hybridizations, the magnitude of fluorescence from the former was 
fivefold higher than that from the latter, although the positive/negative ratio was comparable for both probes. 
In Synechococcus cells growing at a range of growth rates (and thus having different rRNA concentrations per 
cell), the PNA- and oligonucleotide-derived signals were highly correlated (r = 0.99). The chemical nature of 
PNA the sensitivity of PNA-RNA binding to single-base-pair mismatches, and the preservation of cellular 
integrity by this method suggest that it may be useful for phylogenetic probing of whole cells in the natural 
environment. 



Prochlorococcus spp. and Synechococcus spp. together are 
the most abundant marine photosynthetic microorganisms. 
These unicellular cyanobacteria account for a large part of the 
photosynthetic biomass and total primary production in open- 
ocean environments (3, 7, 8, 31, 39). However, their population 
dynamics are complex and poorly understood. Natural popu- 
lations of both Prochlorococcus and Synechococcus have been 
observed to be composed of numerous genetically and physi- 
ologically distinct strains or "ecotypes" (21-23, 25, 35, 38, 40). 
Molecular techniques such as nucleic acid sequencing, restric- 
tion fragment length polymorphism analysis, and rRNA-tar- 
geted DNA probing (i.e., oligonucleotide probing) have lent 
considerable insight into the natural distribution of marine 
cyanobacterial ecotypes (11, 15,-27, 34, 36). To date, however, 
these techniques have been applied solely to extracted and 
amplified nucleic acids; as such they provide only indirect in- 
formation about these marine populations. Furthermore, they 
may be subject to PCR bias (26, 33). In order to gain a better 
understanding of the dynamics of Prochlorococcus and Syn- 
echococcus in the natural environment it is important to be 
able to perform molecular analyses on an individual-cell basis, 
so that direct, simultaneous measurements of abundance, bio- 
mass, and activity of ecotypes can be made. 

One promising approach for the analysis of individual cells is 
whole-cell hybridization with fluorescently labeled rRNA-tar- 
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geted oligonucleotide probes (herein referred to as DNA 
probes), combined with flow cytometry (2). How cytometry 
allows rapid analysis of cells, which is particularly important for 
gathering statistically robust data for studies of the natural 
environment, where cell concentrations can be quite low. 
Whole-cell hybridization with rRNA-targeted DNA probes has 
been successfully combined with flow cytometry to quantify the 
rRNA of individual cells in cultures of marine Synechococcus 
(5). This study demonstrated a relationship between rRNA 
content and growth rate in a coastal Synechococcus strain, 
suggesting that an extension of the approach to natural popu- 
lations could be used not only to identify cells but also to 
estimate their in situ growth rates. Another recent study de- 
scribed the application of horseradish peroxidase-labeled 
rRNA-targeted oligonucleotide probes for whole-cell hybrid- 
ization (visualized with epifluorescence microscopy) in a broad 
range of cyanobacterial strains (28). 

Several factors have hampered the application of whole-cell 
DNA (oligonucleotide) hybridization to picoplankton popula- 
tions in oceanic samples and to Prochlorococcus in general. 
Protocols usually require a cell fixation step and permeabili- 
zation step (sometimes in conjunction with fixation) using al- 
cohol and/or detergents, followed by hybridization using a la- 
beled 16S rRNA-targeted probe (1, 5, 9, 28, 41). The 
permeabilization step can damage delicate cells and degrade 
important cellular characteristics. Especially critical in this re- 
gard is the chlorophyll-based discrimination of Prochlorococ- 
cus populations from similarly sized marine heterotrophic 
bacteria. To date no published protocol for whole-cell hybrid- 
ization preserves this chlorophyll signal. Once the probe has 
entered the cell, target site accessibility is a concern particu- 



284 



Vol. 66, 2000 

larly for development of phylogenetic probes for which the 
target site is dictated by the location of a mismatch. It has been 
shown that the success of DNA probing in Escherichia coli is 
subject to the target site location, due to the lower accessibility 
of some regions of the 16S rRNA (12). Finally, in natural 
systems, where cells typically exist at much lower concentra- 
tions than in laboratory cultures, the number of spins and 
washes becomes a critical issue due to the inevitable loss of 
cells at each step. 

' In order to facilitate future work on the identification and 
analysis of Prochlorococcus and Synechococcus in natural sam- 
ples, we have developed a protocol for whole-cell hybridization 
of fluorescently labeled rRNA targeted probes that minimizes 
the above-mentioned problems. The protocol utilizes peptide 
nucleic acid (PNA) probes (rather than DNA probes) in con- 
junction with flow cytometry, making it well suited for the 
analysis of multiple parameters for specific populations within 
mixed microbial communities. 

PNA is 1 an achiral synthetic nucleic acid in which the sugar- 
phosphate backbone of DNA has been replaced with an un- 
charged structurally homomorphous pseudopeptide backbone 
(10, f 24, 29). A PNA-RNA duplex exhibits higher thermal 'sta- 
bility than' the corresponding DNA-RNA duplex, in part due to 
the lack of electrostatic repulsion between the target site and 
the PNA strand (10). PNA probes have higher specificity than 
analogous DNA probes, because a single-base-pair mismatch 
is more thermally destabilizing in the former than in the latter 
(10). Due to the unique chemical nature of PNA these mole- 
' cules' can be used over a broad range of conditions and have 
allowed gerie expression and point mutation research that 
could not be performed with DNA probes (13). In addition, 
PNA probes appear to be less hampered by target site acces- 
sibility than are DNA probes (30; J. J. Hyldig-Nielsen, personal 
communication). For example, one E. coli 16S rRNA target 
site shown to yield "only background fluorescence" when 
probed with fluorescently labeled DNA probes (12) yielded a 
very good signal with PNA probes (J. J. Hyldig-Nielsen, per- 
sonal communication). 

This paper describes and characterizes a PNA-based proto- 
col for in situ rRNA probing of Prochlorococcus and Synecho- 
coccus cells, including Prochlorococcus cells from natural sam- 
ples. 

MATERIALS AND METHODS 

Culturing. Prochlorococcus isolates SS120 and MED4 were grown on modified 
K/12 media (22) as described below. Synechococcus strains WH8101 and 
WH8007 were obtained from J. Waterbury (Woods Hole Oceanographic Insti- 
tution) and the Provasoli-Guillard National Center tor Marine Phytoplankton, 
respectively, and grown on SN media (38). Twenty-milliliter cultures oiProchlo- 
rococcus were maintained at 21°C under Cool-White fluorescent lamps (2.5 X 
10 13 quanta cm -2 s _I ) on a 14-h/10-h light/dark cycle. Synechococcus strains 
were maintained at 25°C under constant light from cool-white fluorescent lamps 
(7.8 X 10 15 quanta cm" 2 s" 1 ). Growth of both organisms was monitored by in 
vivo fluorescence, and cells were diluted into fresh media prior to the onset of 
stationary phase to ensure constant exponential growth. Cultures were main- 
tained at a given light level and growth rate for the equivalent of at least 10 
generations prior to sampling. 

Sampling and fixation. Two preservation methods were routinely employed. 
Synechococcus cultures were fixed in methanol and stored at -20°C, as described 
previously (6). Prochlorococcus cultures were fixed in paraformaldehyde (1% 
final concentration) and stored cryogenically (37). Other preservation protocols 
were explored in preliminary experiments and found to be incompatible with 
whole-cell probing in these cells. Protocols using methanol or ethanol, for ex- 
ample, were found to destroy the chlorophyll signal necessary for the identifica- 
tion of Prochlorococcus cells, and glutaraldehyde fixation (0.1% final concentra- 
tion) resulted in higher fluorescence background and lower signal strength in 
Prochlorococcus, compared with paraformaldehyde fixation. Environmental sam- 
ples were collected from a depth of 25 m in 1 0-liter Niskin water sampling bottles 
from an oligotrophic site in the Pacific Ocean bordering the California Current 
(30°51'N, 122°92'W) and preserved in paraformaldehyde as described above. 
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TABLE 1. Designations and targets of probes 



Probe Sequence (5 '->3') Target" 



PNA 

PEUB339 CTGCCTCCCGT 16S, 339-348 Yes 

pNEG1198 CATCACAGACC 16S, 1198-1209 No 

DNA 

EUB338 GCTGCCTCCCGTAGGAGT 16S, 338-355 Yes 

NON338 ACTCCTACGGGAGGCAGC 16S No 

UNIV1392 ACGGGCGGTGTGT(G/A)C 16S, 1392-1406 Yes 



0.1% trifluoroacetic acid and frozen at -20°C in small aliquots for later use. For 
initial probing attempts, two positive DNA probes, EUB338 and UNIV1392, and 
one negative DNA probe, NON338 (1, 14), were synthesized with'S'-terminal 
amino groups and labeled with BODIPY FL-X (Molecular Probes; Inc., Eugene, 
Oreg.) (Table 1). Fluorescein-labeled DNA probes yielded a lower positive-to- 
negative signal ratio than BODIPY-labeled DNA probes; therefore, BOD1PY- 
labeled DNA probes were used exclusively. 

Whole-cell hybridizations. Probe fluorescence was optimized with respect to 
hybridization and wash temperatures, hybridization time, and probe concentra- 
tion (see Results and Discussion). Because PNAs can be used in a broad range 
of salt concentrations and are chemically stable over a wide pH range (13; 
PerSeptive Biosystems product information), we chose to use the same buffer 
conditions as in previous DNA probe work (5). The results of these hybridization 
experiments led to the following standard hybridization protocol for Prochloro- 
coccus. Paraformaldehyde-fixed cells were thawed at room temperature, and 
600-11.1 aliquots were centrifuged (16,000 X g, 10 min, 12°C). All but 10 to 15 ul 
of the supernatant was aspirated, and cells were then resuspended in the re- 
maining 10 to 15 (1,1. Hybridization conditions were as follows: 50 |il of pre- 
warmed hybridization buffer (900 mM NaCl, 20 mM Tris [pH 7.2]) was combined 
with 2.5 ul of PNA probe solution (2.1 (ig ml" 1 , final concentration). Five- 
microliter aliquots of the cell suspension were added to the hybridization/probe 
solution and incubated at 34°C for 9 to 14 h. At the end of the hybridization 
period, 500 pi of hybridization buffer was added and the samples were incubated 
at 37°C for 30 min. Samples were centrifuged (16,000 X g, 14 min, room tem- 
perature), resuspended in 400 ul of filter (0.2-ura pore size)-sterilized phos- 
phate-buffered saline (pH 7.4) and stored on ice until analysis on the flow 
cytometer. For probing samples collected from the field, 1,000 u.1 of preserved 
seawater (1% paraformaldehyde) was pelleted by centrifugation (18,500 X g, 14 
min, 14"C), approximately 990 |tl was aspirated, and the pellet was resuspended 
in the remaining supernatant. Four-microliter aliquots of the cell suspension 
were hybridized with pEUB339 or pNEG1198 probes (4.3 u,g ml -1 , final con- 
centration) as described above with an incubation time of 10 h. 

For Synechococcus, DNA probe hybridizations were performed according to 
the methods of Binder and Liu (5). Synechococcus cells for PNA probing were 
also preserved and prepared according to the methods of Binder and Liu (5), and 
then the PNA hybridization was performed as outlined above. These two hy- 
bridization protocols are essentially the same except for the hybridization and 
wash temperatures. For DNA probing the hybridization was conducted at 45°C 
and the wash at 48°C, whereas for PNA probing these temperatures were 34 and 
37°C, respectively. 

RNase treatment. Because Prochlorococcus cells have not previously been 
probed in situ, PNA probe fluorescence was compared in RNase-treated cells 

and untreated cells to establish that fluorescence was due to probe bound to 
RNA and not some other cellular constituent. Cryogenic samples were thawed at 
room temperature for 20 min. Aliquots of 600 ul were incubated with RNase A 



' 16S rRNA R coli numbering. 



rRNA-targeted probes. Two PNA probes, pEUB339, a positive probe designed 
to bind to all strains used in this study, and pNEG1198, a negative probe, meant 
to serve as a control to account for nonspecific binding and background; fluores- 
cence, were synthesized by PerSeptive Biosystems (Framingham, Mass.) (Table 
1). The sequence for pEUB339 was based on the widely used probe EUB338 
(Table 1), which has previously been classified as a 16S rRNA-targeted eubac- 
terial probe (1, 14). It should be noted however, that neither EUB338 nor 
pEUB339 complements all picoplanktonlc cyanobacteria 1 . among 'known se- 
quences for Prochlorococcus and Synechococcus strains, both probes have mis- 
matches with two strains (WH8103 and WH7805) (35)..Nqte also tharbecause 
pEUB339 is significantly shorter than EUB338, it complements some eukaryotes 
(20). Likewise, because pNEG1198 is shorter than the eukaryote-specific probe 
EUK1195, upon which it is based (1, 14), !it complements some prokaryotes. It 
does not, however, complement any known Prochlorococcus or Synechococcus 
sequences. pNEG1198 was chosen as the negative control rather thin NON338 
because the latter is a purine-rich sequence and consequently more difficult to 
synthesize with PNA. PNA probes were synthesized with a hydrophilic linker 
binding the 5' terminus and a fluorescein label. PNA probes Were dissolved in 



286 WORDEN ET AL. 



Appl. Environ. Microbiol. 




1 10 100 

DNA Probe Fluorescence Cell" 1 



1000 



FIG 1 Frequency distribution of oligonucleotide (DNA) probe-conferred 
fluorescence in Prochbwcoccus strain SS120 cells hybridized with a positive 
probe, UN1V13^2, and a negative control probe, NON338. 



(0 5 me ml" 1 ; Sigma R6513) and RNase I (83 U ml" 1 ; Boehringer 1732684) for 
1 h at 37°C. Control samples received Miili-Q water rather than RNase but 
otherwise were treated identically. All samples were centrifuged (16,000 X g, 14 ■ 
min, 26°C) and resuspended in 15 ul of supernatant. Cell suspensions were 
diluted in filtered seawater as necessary to achieve comparable cell concentre- 
tioris and hybridized for 14 h as described above. 

Flow cytometric analysis. Probed cells were analyzed on two different flow 
cytometers. An EPICS 753 flow cytonieter (Coulter Corp.) equipped with a 5-W 
argon ion laser (run at 800 mW) and modified for high sensitivity as described 
previously (4) was used for the initial experiments on hybridization conditions 
and for the RNase experiment. Emission was collected through a 525-nm band- ■■• 
pass filter (35-nm bandwidth; Omega Corp.) for probe fluorescence and a 
680-nm band-pass filter (40-nm bandwidth) for chlorophyll and/or phycocyanin 
fluorescence. An EPICS XL (Coulter Corp.) equipped with a 15-mW argon ion 
laser was used for all Synechococcus PNA work and final experiments on con- 
ditions for Prochlorococcus hybridizations. Emission filters on this flow cytometer 
were a 525-nm band-pass for probe fluorescence (30-nm bandwidth) and a 
675-nm band-pass for red (chlorophyll) fluorescence (30-nm bandwidth). Both 
flow cytometers excited samples at a wavelength of 488 nm. Fluorescence mea- 
surements are expressed on a relative scale and normalized to standard fluores- 
cent latex beads (0.474-uxn diameter, Porysciences, Inc.), which were added to 
each sample. Data were collected as listmodes and analyzed with Cyclops II 
(Cytomation, Inc.), WinList (Verity Software House, Inc.), and/or WIN-MDI 
(Joseph Trotter, The Scripps Research Institute) software. 

RESULTS AND DISCUSSION 

DNA probes. An established protocol for whole-cell hybrid- 
ization of fluorescently labeled 16S rRNA-targeted DNA 
probes in Synechococcus (5), which utilizes the positive probe 
EUB338 and negative probe NON338 (Table 1), provided 
good positive/negative probe signal ratios in Synechococcus as 
expected. However, attempts to accomplish the same in Pro- 
chlomcoccus, using several different protocols and variations 
thereof (2, 5, 18, 41) and employing two widely used positive 
probes (EUB338 and UNIV1392), provided poor results. The 
maximum positive/negative ratio, 2.47, was achieved with para- 
formaldehyde-fixed Prochlorococcus cells by using UNIV1392 
and NON338 (Fig. 1) and was much below that achieved with 
PNA probes (see below). Use of DNA probes in Prochlorococ- 
cus was not pursued further. 

PNA protocol optimization. The PNA protocol was designed 
and optimized in order to achieve the largest possible ratio 
between positive and negative probe signals, for example, 
11 27 '\n Prochlorococcus SS120. Two PNA probes were used in 
all experiments: pEUB339, which should bind to most bacteria 



(including all the strains used in this study), and pNEG1198, 
which should not bind to any cyanobacterium (Table 1). These 
probes are composed of 11 bases rather than the 16 to 18 bases 
commonly used for DNA probes (1, 14) because of the stron- 
ger binding to complementary sequences and higher level of 
specificity in discriminating mismatched base pairs expected 
with PNA probes. The hybridization temperature was chosen 
based on the theoretical temperature of dissociation (T d ). T d 
was calculated according to the formula of Suggs et al. (32), T d 
= [4(G + C) + 2(A + T)], with an additional 1°C added per 
base in order to adjust the formula for use with PNAs (10, 32; 
PerSeptive Biosystems Product Information). The calculated 
7> for pEUB339 and pNEG1198 are 48 and 44°C, respec- 
tively. Because T d based on this calculation is only an approx- 
imation, a series of experiments were conducted to ascertain 
the optimal hybridization and was temperatures in Prochloro- 
coccus cells. Hybridization temperatures below 30°C and above 
40°C provided a suboptimal signal. A range of hybridization 
temperatures from 31 to 37°C provided comparable results. 
Because the T d of pEUB339 is higher than that of pNEG1198, 
it was necessary to ascertain that optimal conditions for the 
positive probe did not bias the protocol for a low negative 
signal. Several different hybridization and wash temperatures 
were tested. The pNEG1198 mean fluorescence was 6.7, 6.5, 
and 6.7; respectively, for a sequence of hybridization-wash; 
temperatures of 31-34, 34-34, and 34-37°C. The pEUB339 
mean fluorescence in each case was above 50. Wash tempera- 
tures above 40°C diminished probe signals; the maximum.wash 
temperature tested was 44°C. In accordance with these results 
our standard protocol uses 34°C for the hybridization and'37°C 
for the wash. • >. • '■ 

Experiments were conducted to determine optimal hybrid- . 
izatibn time and probe concentration (Fig. 2). Mean fluores- 
cence per cell stabilized after 9 h at the ihtermediate.concen- 
tration (2.1 u,g ml -1 , final PNA concentration) of PNA probe. . 
The signal from the lowest probe concentration (0.85 p.g ml ) 
was much lower than that from the intermediate concentration 
at all times tested. The highest probe concentration (4.3 fig 
ml -1 ) yielded fluorescence similar to that of the intermediate 
concentration up to 14 h but appeared to increase further 
thereafter. Routine hybridization times were therefore allowed 
to range from 9 to 14 h at the intermediate concentration (2.1 
u.g ml -1 , final PNA concentration). 

Probing Prochlorococcus and Synechococcus. The standard 
hybridization protocol, defined according to the above results 
(see Materials and Methods), yielded a mean positive probe 
fluorescence (pEUB339) that was always higher than that of 
the negative probe (pNEG1198) and the no-probe control in 
Prochlorococcus and Synechococcus cells (Fig. 3). There was no 
overlap between the positive and negative signal in either or- 
ganism (Fig. 3). The no-probe control demonstrated that pos- 
itive probe signal was not the result of autofluorescence from 
photosynthetic pigments and was used to ascertain the extent 
of nonspecific binding by the pNEG1198 probe. This nonspe- 
cific binding was detectable, though quite low, as reflected by 
the slight increase in fluorescence conferred by pNEG1198 
relative to the no-probe treatment (Fig. 3). Representative 
hybridization results for two Prochlorococcus and two Synecho- 
coccus strains are presented in Table 2. pEUB339 fluorescence 
was stable from 0.5 to 2 times the standard cell concentration 
(data not shown). However, very low cell concentrations (10- 
fold dilution) resulted in a lower positive signal. Therefore, it 
may be possible to generate a misleadingly low positive signal 
below a critical cell concentration. The cause of this effect is 
unknown at present. 
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HG. 2. Effect of hybridization time and PNA concentration (0.85 u,g ml" 1 
{•], 2.1 (ig ml -1 [T], and 4.3 (ig ml" 1 [■]) on mean cellular fluorescence (± 
standard errors) in Prochlorococcus strain SS120. (Top) Gross fluorescence of 
the positive (pEUB339) (closed symbols) and negative (pNEG1198) (open sym- 
bols) probes. (Bottom) Negative-probe^coriferred fluorescence has been sub- 
tracted from that of the positive probe. 



RNasc control. To ensure that PNA probes were hybridizing 
to RNA, Prochlorococcus cells were treated with RNase and 
then hybridized with probes. This treatment reduced the 
pEUB339-conferred fluorescence to the negative-control lev- 
els (Fig. 4). This result confirmed that the pEUB339 fluores- 
cence was due to binding of RNA and not nonspecific binding 
to some other cellular component. The mean fluorescence 
from pNEG1198 was slightly higher in the control than in 
RNase-treated cells, indicating that nonspecific or "negative- 
probe" fluorescence may be due in part to nonspecific binding 
of RNA. 

rRNA quantitation. Because it has been established that 
DNA probes can quantify cellular rRNA in Synechococcus (5), 
we assessed the quantitative abilities of PNA probes by com- 
paring them to that of DNA probes in Synechococcus strain 
WH8007 growing over a range of growth rates (Fig. 5). Cellu- 
lar rRNA based on PNA probes was very well correlated with 
DNA-based measurements (r = 0.99). Although PNA probe 
fluorescence was fivefold higher than DNA probe fluores- 
cence, the positive-to-negative signal ratios for both types of 
probes were comparable. The observed relationship between 
cellular rRNA content (as reflected by probe-conferred fluo- 
rescence) and growth rate is consistent with that reported for 
a closely related strain (5). 

Probing of a natural population. Seawater was taken from 
an open-ocean environment in which Prochlorococcus numbers 
(8.6 x 10* cells ml -1 ) exceeded Synechococcus numbers (1.9 X 
10* cells ml -1 ) by 45-fold. The natural chlorophyll signal of 
Prochlorococcus present after the hybridization procedure al- 
lowed easy definition of that population (Fig. 6A). After hy- 
bridization Synechococcus were hard to distinguish as a popu- 
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FIG. 3. Frequency distribution of PNA-conferred fluorescence of Prochloro- 
coccus strain SS120 cells and Synechococcus strain WH8101 cells hybridized with 
the positive probe (pEUB339), the negative probe (pNEG1198), or no probe. 



lation due to low cell numbers. In addition, fluorescence from 
the phycobiliproteins of open-ocean Synechococcus is likely to 
spill over into the range of emission for the fluorescein-labeled 
probes used in this work. Choice of a different fluorochrome 
for whole-cell hybridizations of Synechococcus in open-ocean 
environments may circumvent this problem. Prochlorococcus 
cells from the Pacific Ocean sample showed a 5.1-fold differ- 
ence between mean fluorescence conferred by pEUB339 and 
pNEG1198, respectively (Fig. 6B). Despite this modest posi- 
tive-to-negative ratio, the overlap between the positive and 
negative signal was minimal. The relatively low positive signal 
for this Prochlorococcus population may reflect a lower growth 
rate in the natural environment, which would be expected to 
result in reduced cellular rRNA content (5, 9, 19). 



TABLE 2. Representative PNA whole-cell hybridization results for 
different strains 



Strain 


Fluorescence* 


Growth 
rate 


pEUB339 


pNEG1198 


(O 


SS120 {Prochlorococcus) 
MED4 (Prochlorococcus) 
WH8101 (Synechococcus) 
WH8007 (Synechococcus) 


94.8 ± 7.8 
110.8 ± 0.2 
165.4 ± 2.8 
103.2 ± 4.1 


14.4 ± 1.2 
12.3 ± 0.4 
15.2 ± 0.7 

20.5 ± 0.8 


0.41 
0.62 
1.41 
1.42 



' Values are means ± standard errors for duplicate samples. All values were 
normalized to the bead fluorescence values. 
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FIG 4 Effect of RNase on PNAconferred fluorescence in Prochlorococcus 
strain SS120 (EUB) pEUB339 and NEG (pNEGl 198). Error bars show standard 
errors. 



Conclusions and future directions. Although the focus of 
PNA-based research has been primarily eukaryotic, PNA 
probes have been used with success in other bacterial systems. 
For example, the sensitivity of PNA probes to mismatches has 
been exploited to discriminate, on the basis of a single mis- 
match, between intact cells of the closely related bacteria Neis- 
seria gonorrhoea and Neisseria meningitidis (30). Two other 
studies have demonstrated the use of antisense PNA targeting 
mRNA to inhibit gene expression in E. coli (16, 17). 

We have demonstrated that PNA can be used to probe 
rRNA in intact Pwchlorococcus and Synechococcus cells. Un- 
like many other whole-cell hybridization protocols; the PNA 
protocol employs preservation and hybridization conditions 
that minimize impact on the integrity and characteristics of 
these cells, thus allowing application to field populations. Fur- 
thermore, the high sensitivity to mismatches and strong access 
to target sites may facilitate detection of slight phylogenetic 
differences in the natural environment. Combined with flow 
cytometry, the method presented here will facilitate gathering 
data at both the molecular and organismic level in mrxed mi- 
crobial communities and should therefore, enhance our under- 
standing of the ecology of those communities. 
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PIG. 5. Comparison of DNA and PNA probes in Synechococcus strain 
WH8007. Mean fluorescence conferred by pEUB339 (O) and EUB338 (■) in 
cells growing at four different light-limited growth rates is shown. Data were 
corrected for fluorescence from corresponding negative probes. Error bars indi- 
cate standard errors for pEUB339and pNEG1198 fluorescences; standard errors 
for EUB338 are not shown, but they averaged 7% of the mean. 
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FIG 6 In situ hybridization of natural Prochlorococcus population. (A) Flow 
cytometric signature of Prochlorococcus (with 0.474-mm-diameter latex beads) 
showing forward angle light scatter (related to size) versus red fluorescence 
(from chlorophyll). (B) Probe-conferred fluorescence of Prochlorococcus cells as 
defined from panel A hybridized with positive probe (pEUB339), negative probe 
(pNEG1198), and no probe. Water was collected from the Pacific Ocean in an 
oligotrophic region off the California coast. 
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